Abstract
INTRODUCTION
Much effort is being made in the study of light propagation in tissues due to the development and wide use of lasers in surgery and therapy [1] [2] [3] . In particular, the effectiveness of photodynamic therapy (PDT) is greatly influenced by photosensitizer content and light distribution in the irradiated tissue [4] [5] [6] [7] , and an accurate evaluation of energy fluence in depth should allow an estimate of whether the whole tumor mass is properly irradiated [8, 9] . Consequently, determination of tissue optical properties is important. Photons are absorbed and scattered when they come into contact with biological tissues [10] . The depolarization degree of different biological tissues at linearly polarized light is different. All these have a correlation with the components and structures of biological tissues and optical properties. Consequently, photons have already taken the information that has a close relationship with the components and structures of biological tissues since photons came into contact with biological tissues [11] [12] [13] . Biological tissues may be looked upon as turbid media from the point of view of tissue optics. The optical properties of biological tissues change with the characteristics of living organisms [14] [15] [16] [17] . The typical optical properties are obtained by using solutions of the radiative transport equation that expresses the optical properties in terms of readily measurable quantities. These solutions are either exact or approximate and correspond to the direct or indirect methods. A double-integrating-sphere system, the basic principle of measuring technology of light radiation, an optical model of biological tissues were used in this experiment [18] [19] [20] [21] . In our study, we detected the optical properties of human normal small intestine tissue at 476.5 nm, 488 nm, 496.5 nm, 514.5 nm, 532 nm, 808 nm wavelengths of laser irradiation, and analyzed the experimental results.
MATERIALS AND METHODS
The optical properties of tissues describe the three-dimensional propagation of radiation. Through modeling simplifications (i.e., Kubelka-Munk Two-Flux Theory) the radial propagation is often reduced to a one-dimensional propagation of radiation. Kubelka-Munk two-flux theory was used to calculate the absorption coefficient A KM , scattering coefficient S KM , total attenuation coefficient E t and effective attenuation coefficient E eff of human normal small intestine tissue at six laser wavelengths by measuring reflection R, transmission T of diffuse irradiance on a slab of thickness d of the sample.
Kubelka-Munk two-flux theory
The Kubelka-Munk two-flux theory is applied to the thin slab of scattering material without sources, and its prime advantage as compared to more complicated models is that the scattering coefficient S KM and absorption coefficient A KM can be directly expressed in terms of the measured reflection R, transmission T, and thickness d of the sample [22] . Consequently, it has been widely applied. Its parameters are commonly used in the field of medical physics. It regards the scattering light as none but the forward scattered photon fluxes i(x) and backward scattered photon fluxes j(x) when incident light radiates in a slab of thickness X (cm) of the turbid media. The sum of the forward and backward scattered photon fluxes is equal to the total scattered photon fluxes I(x) [23] . The scattering and absorption coefficients exist [24] . The description of A KM and S KM as a function of R, T, and X are given by
The description of total attenuation coefficients E t and effective attenuation coefficients E eff as a function of A KM and S KM are given by [25] The human normal small intestine tissue was regarded as a slab of turbid medium of thickness X. Then, A KM , S KM , E t , E eff were respectively regarded as the absorption coefficients, scattering coefficients, total attenuation coefficients, effective attenuation coefficients of human normal small intestine tissue at laser irradiation.
Materials
Sample preparation The sample used in our experiments was obtained within 2 hours after human normal small intestine tissue resection from one subject. The sample was rinsed briefly in saline to remove excess surface blood, and peeled off surface fats. The sample was cut with scissors along its direction of axis and stored at -70 until the experiments. For the thin tissues, two-faces of sample were not cut by microtome in order to keep integrity of the sample. Because the area of a slice of sample cut by microtome was large, the cytoplasmic liquid exuded severely, which increased the excessive liquid on the surface of the sample. Consequently, the measured results were influenced. The tissue-sample holder was designed and made from a black piece of opacity that was rounded with scissors. The piece was drilled two holes, and its inside radius and outside radius were respectively equal to 6 mm and 12 mm, as shown in Figure 1 . The sample was spread out on the tissue-sample holder and nipped. The sample area and thickness were respectively 16.1 mm×16.4 mm and 1.42×0.16 mm, and then it was put in the sample-pool of a doubleintegrating-sphere system to be measured. The whole experimental process took 4 hours, including sample preparation and taking the sample. 
Methods

Measurement of diffuse reflectance and transmittance
The double-integrating-sphere system was a traditional technique to obtain the diffuse reflectance and transmittance of a sample [26] [27] [28] . A double-integrating-sphere system shown in An argon ion laser emitted at 476.5 nm, 488 nm, 496.5 nm and 514.5 nm wavelengths of laser. The structures of the two integrating-spheres were the same, the diameter of the sphere was 0.05 m. The diameter of entrance and exit port of the integrating-spheres was equally 0.012 m. The laser beam was passed through two light attenuators, and reflected by the mirror. It was passed through a 2 mm pinhole, and expanded into a collimated laser beam by the beam expander of 25 times. It was passed through a 6 mm pinhole, and perpendicularly incident on the sample. The integrating-sphere I was only used to measure the diffuse reflectance R d of the sample, not including the specularly reflected light of the sample. The optical trap backed of sample was used for light extinction, including the transmitted light and the diffusely transmitted light. The other optical trap backing the integrating-sphere II was used for light extinction, including all exiting light. The integrating-sphere II was only used to measure the diffuse Transmittance T d of the sample, not including the collimatedly transmitted light. In this experiment, the diffuse reflectance and transmittance of the wall and the ektexine of the thin sample at 476.5 nm, 488 nm, 496.5 nm, 514.5 nm, 532 nm, 808 nm wavelengths of laser were measured.
Figure 2
A double-integrating-sphere system was used to determine the optical properties of biological tissues. The measuring method of diffuse reflectance was the same as reported [24] . The diffuse reflectance of the sample was given by where K p is the diffuse reflection value of the standard target, K s is the diffuse reflection value of the sample, ρ is the reflection coefficient of the standard target. The diffuse transmittance of the sample was given by where I s is the diffuse transmission value of the sample, I o is the total transmission value. Figure 3 shows the arrangement to measure the total transmission value. The half-angle subtended by this aperture from the sample was 3 o , and the standard target was placed at the exit port of integrating-sphere II. The wall and ektexine of the sample were respectively radiated at laser and measured. Figure 3 shows the arrangement and method to measure the specularly reflected light, collimated light and the total transmitted light. The half-angle subtended by this aperture from the sample was 3 o , and the standard target was placed at the exit port of integrating-sphere II. The other was the same as Figure 2 . The integrating-sphere I was used to measure the diffusely and specularly reflected light of the sample. The integrating-sphere II was used to measure the diffusely and collimatedly transmitted light of the sample, and the sum of the diffusely and collimatedly transmitted light of the sample was the totally transmitted light of the sample. The specular reflectance of the sample was given by where K p ' is the diffuse reflection value of the standard target, K s ' is the diffuse reflection value of the sample, R d is the diffuse reflectance of the sample, R m is the specular reflectance of the sample. The collimated transmittance of the sample was given by where T d is the diffuse transmittance of the sample, T c is the collimated transmittance of the sample, I s ' is the diffuse transmission value of the sample, I o ' is the total transmission value. 
Measurement of specular reflectance and collimated transmittance
Statistical analysis
Experimental data were shown as mean and standard deviation (X±SD). The SPSS10 for Windows was used for statistical analysis. The difference between each group was analyzed by t test. Significant difference was set at P<0.05.
RESULTS
In this experiment, 476.5 nm, 488 nm, 496.5 nm, 514.5 nm, 532 nm, 808 nm wavelengths of laser radiation were respectively used for radiating the wall and ektexine of the thin sample. Each datum was the mean of at least ten measurements of human normal small intestine tissue, and each wavelength of laser in the same way. Each time the sample was measured, the position of incident light spot on the sample was changed. The data had very good repetition. There were no significant differences in the diffuse reflectance and transmittance, the specular reflectance and collimated transmittance of the wall and ektexine of the sample at each wavelength of laser radiation (P>0.05). Consequently, the measured results of the wall and ektexine of the sample at the same wavelength of laser radiation were estimated by arithmetical average.
Optical parameters of the tissue in Kubelka-Munk two-flux model
The absorption coefficients, scattering coefficients, total attenuation coefficients and effective attenuation coefficients of human normal small intestine tissue in Kubelka-Munk twoflux model at 476.5 nm, 488 nm, 496.5 nm, 514.5 nm, 532 nm, 808 nm wavelengths of laser radiation are given in Table 1 and shown in Figure 4 . Light distribution of the tissue in Kubelka-Munk two-flux model along the tissue thickness Light distribution of i(x), j(x), I(x) of human normal small intestine tissue in Kubelka-Munk two-flux model that changed with tissue thickness at six different wavelengths of laser radiation are shown in Figure 5 . Light distribution was automatically created by using the experimental data in Table  1 and Mathcad2001 for Windows. The results showed that there were differences both in optics properties of the tissue at six different wavelengths of laser radiation in Kubelka-Munk two-flux model, and in light distribution of i(x), j(x), I(x) of the tissue in Kubelka-Munk two-flux model which changed with the tissue thickness at six different wavelengths of laser radiation. Table 1 and Figure 4 show that there were no significant differences in the absorption coefficients of human normal small intestine tissue in Kubelka-Munk two-flux model at 476.5 nm, 488 nm, 496.5 nm laser radiation (P>0.05). The absorption coefficients of the tissue at 514.5 nm, 532 nm, 808 nm laser radiation obviously increased with decrease of these wavelengths. The scattering coefficients of the tissue at 476.5 nm, 488 nm, 496.5 nm laser radiation increased with decrease of these wavelengths. And the scattering coefficients of the tissue at 496.5 nm, 514.5 nm, 532 nm laser radiation obviously increased with increase of these wavelengths. The scattering coefficient of the tissue at 532 nm laser radiation was bigger than that of the tissue at 808 nm laser radiation. There were no significant differences in the total attenuation coefficients of the tissue at 476.5 nm and 488 nm laser radiation (P>0.05). The total attenuation coefficients of the tissue at 488 nm, 496.5 nm, 514.5 nm, 532 nm, 808 nm laser irradiation obviously increased with decrease of these wavelengths, and their effective attenuation coefficients revealed the same trend. It is suggested that the optical parameters of human tissues in Kubelka-Munk two-flux model can be measured by using the measuring technology of light radiation, and the optical parameters of human tissues with pathological changes and normal human tissues can be compared and analyzed. The results provide a new method of information analysis for clinical diagnosis. Figure 5 shows there were no obvious differences in the forward, backward and the total scattered photon fluxes of the tissue at 476.5 nm, 488 nm, 496.5 nm laser irradiation. All of them obviously increased with attenuation of the tissue thickness. Attenuations of the forward, backward and the total scattered photon fluxes of the tissue at 514.5 nm laser radiation were slightly slower than those at 476.5 nm, 488 nm, 496.5 nm laser radiation. And attenuations of the forward, backward, and the total scattered photon fluxes of the tissue at 532 nm laser radiation were obviously slower than those at 476.5 nm, 488 nm, 496.5 nm, 514.5 nm laser radiation. Attenuations of the forward, backward, and the total scattered photon fluxes of the tissue at 808 nm laser radiation were all obviously slower than those at 476.5 nm, 488 nm, 496.5 nm, 514.5 nm, 532 nm laser radiation. Consequently light attenuation of human normal small intestine tissue at six different wavelengths of laser radiation increased with decrease of these wavelengths, and the change of light attenuation of the tissue accorded completely with the changing rule of penetrability of biological tissues at light radiation of different wavelengths, namely the penetrability of biological tissues from visible light to Infrared light, a range of wavelengths from 400 nm to 900 nm, increased with the increase of wavelengths. It was obvious that penetrability of biological tissues at 808 nm laser was better than the other five wavelengths of laser radiation. 808 nm laser may be used to treat the deep disease focus in organisms by photodynamic therapy [29] [30] [31] [32] . The results of measurement provide useful references and data to laser therapy that is used in clinics, and help improve the effectiveness of photodynamic therapy [33] [34] [35] .
DISCUSSION
